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nost recent addition, a service station. 
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teported by 

MARTIN M. STEIN, Economist 

é momics and Requirements Division 


RELATIVELY large part of future inter- 
4 city traffic is expected to use the Inter- 
itate Highway System, and many highway- 
related businesses can be expected to desire 
Ocations near interchanges. Industries that 
kd on motor carriers to obtain raw materials 
d 

* 






r distribute finished products are likely to 
eek. plant sites close to Interstate highways. 
iven though interchanges in urban areas 
re spaced only about a mile apart, demand 
or the abundant nearby land is increased 
y the many land uses—commercial busi- 
lesses, apartment houses, and institutions— 
hat are attracted to interchange locations. 
he many economic and social activities 
hat locate near interchanges create a plan- 

g' problem. As one function of interchanges 
aa 


Planning is used here to describe the highway planning 
l design process that relates to specifying interchange 
type, location, and design volume, and to effecting 
use and traffic-control techniques to maintain design 
acity. 
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lighway-oriented land use at interchange areas is illustrated by 
hese before-after photographs of the interchange near Lincoln, 
labama, where highways I-20 and U.S. 231 intersect. Photograph 
t left was taken in 1964, shortly after construction of the inter- 
hange was completed. In photograph at right, taken in 1968, 
ew businesses—motel, 3 service stations, cafe, and fruit stand— 
hat had located near the interchange are shown. Arrow points to 





Jighway Interchange Area Developoment— 
Some Recent Findings 


BY THE OFFICEFOR 
RESEARCH AND DEVELOPMENT 





BUREAU OF PUBLIC ROADS 


By combining data on 332 interchanges in 16 States, the author has shown 
that interchange land development is affected both by the type of intersecting 
highway and by the relative accessibility of the interchange quadrants. Accord- 
ing to his review of Alabama interchanges, a large part of development near 
predominantly rural interchanges consisted of highway -oriented businesses like 
motels, service stations, and restaurants. In contrast, a windshield survey of 
the Capital Beltway around Washington, D.C., disclosed that rapid growth in 
the numbers of apartment houses, churches, schools, shopping centers and in- 
dustrial parks occurred at predominantly suburban interchanges subsequent to 
highway construction. 

In other recent studies on interchanges, multilinear regression analysis and 
simultaneous linear models were used to predict interchange land development 
and to show that important factors of land development at an interchange are 
traffic volumes, distance to the nearest urban center, and populations of the 
nearest urban center. 

Interchange research can assist highway planners and other officials to recog- 
nize potential interchange problem areas. The development of more precise 
analytical research tools and the formulation of a complete interchange planning 
process would facilitate the optimal economic development of highway inter- 
changes and, simultaneously, protect their traffic capacities as vital components 
of an efficient transportation network, 
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a 





ALASKA 


TOTAL NUMBER OF INTERCHANGES -- 332. DATA OBTAINED FROM INTERCHANGE LAND -USE STUDIES AND 





PUBLIC ROADS SEVERANCE DATA. 


Figure 1.—Distribution of interchanges surveyed, by State. 


Table 1.—Interchanges in survey, by year 
of survey! 


Interchanges in 
survey 
Year of survey 





Number | Percent 





w wo 
Or OAISTER 








Total interchanges in 
survey 








! Date of construction for each interchange is not available. 


is the provision of access to cross routes, the 
increased economic and social activity often 
produces traffic that exceeds original design 
estimates, and a spiral of activity develops 
possibly to impair freeway operation or cause 
serious traffic congestion on cross routes. 
Naturally, because intercharge traffic consists 
of turning movements, any traffic congestion 
not only will increase accident potential near 
the interchanges, but also will impose another 
form of economic cost to the highway user— 


increased travel time. Each interchange 
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represents a large investment, and careful 
planning is needed to maximize potential 
economic benefits to the community by pro- 
viding locations with improved accessibility 
while minimizing impairment to. efficient 
highway operations. 


Interchang e Land Development 
Bureau survey of 332 interchanges 


An awareness of potential problems at 
interchanges has prompted studies in nearly 
half the States (1).2 Several of these studies 
and some severance studies, both of which 
describe interchange land use, have been com- 
bined to isolate general characteristics of land 
development and economic activity near 
interchanges. In the survey reported here all 
recent studies that contained information 
about interchange land uses were considered.3 
The distribution by State of the 332 inter- 
changes surveyed in this manner is shown in 
figure 1, and the year that each interchange 


2Ttalic numbers in parentheses identify the references 
listed on page 249. 

3 Except for a few interchanges in urban areas, the inter- 
changes surveyed in the study reported here were in rural 
areas, and an analysis of urban-interchange characteristics 
would not yield statistically significant findings. 
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was surveyed is given in table 1. Aer 
photographs and graphic and verbal deserf 
tions were used to subjectively evaluate ea! 
interchange quadrant to determine predor 
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INSTITUTIONAL 


HIGHWAY RELATE 
17% a 
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Figure 2.—Proportion of predominant la? 
uses by quadrant—based on Public Ro us 
survey of 332 interchanges in 16 Sta : 
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nant land use within a one-half mile radius of 

the interchange center. For example, in this 
} analysis, a motel, service station, and restau- 
jjrant in a quadrant would be considered 

predominantly highway-related land uses, 
whereas a school and a church in a quadrant 
< 2 
eS be considered predominantly institu- 
} tional land uses. Shopping centers and other 
retail outlets were classified commercial uses, 
and factories and warehouses industrial uses. 
; As shown in figure 2, agricultural, residential, 
and highway-related land uses were the three 
types of land uses most frequently recorded. 
The vacant category represents land that was 
being held for speculation, was undergoing 
construction, or did not exhibit evidence of 
economic activity. 


Researchers compared general land devel- 
opment according to the types of highways 
forming the interchanges. Interchanges formed 
|by the intersection of non-Interstate high- 

ways, such as a U.S.-numbered highway and 

a State-numbered highway, were found to 

have a much greater proportion of commer- 

cial, industrial, and institutional land uses, 
possibly because Interstate highways were 
constructed more recently and have not yet 
attracted as many of these activities, or 
because different design standards were used 
for non-Interstate interchanges. As data on 
construction dates were not available for all 
interchanges, the time factor could be con- 
sidered only for the Capital Beltway and 

Alabama analyses to be discussed later. As 

shown in table 2, non-Interstate interchanges 

had more than twice as many commercial, 
industrial, and institutional quadrants as 
those with at least one Interstate highway. 


. According to individual evaluations high- 
way-oriented land uses did not locate randomly 
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Figure 3.—Interchange quadrants 
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| — PRIMARY HIGHWAY ORIENTED BUSINESS SITES 


2— SECONDARY BUSINESS SITES 
3— COMMUNITY ORIENTED BUSINESS SITES 


4— COMMUNITY ORIENTED BUSINESS COMBINED WITH 
ACCESSIBILITY ORIENTED BUSINESS IN A SHOPPING 


CENTER. 


5— ACCESSIBILITY ORIENTED BUSINESS, I.E.,DRIVE- 


IN THEATER. 


Figure 4.—Interchange development, pre- 
ferred quadrants—adapted from Ohio 


report (4). 

















Type of highway interchange ! 
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oa 
4 
dest Table 2.—General land development at interchanges, by highway classification 
mr | [Public Roads analysis of 1,256 interchange quadrants in 16 States] 
red ef 
4 h Type of land development 
a Type of highway interchange Interchange ; ? 
quadrants | Agricultural Commercial, 
; and/or Residen- industrial, Total 
al vacant tial institutional 
; Number Percent Percent Percent Percent 
Interstate highway—local road___________________- 628 : 27 30 100 
Interstate highway—State-numbered highway-____- 296 60 14 26 100 
Interstate highway—U.S.-numbered highway-___- 260 48 26 26 100 
_Non-Interstate highway—non-Interstate highway - 52 15 23 62 100 
Interstate highway—Interstate highway__.___.___- 20 55 25 20 100 
BO paleweesee ettee ete YT 1SOBG Mw Ble ee tee 1 the wl ent ee | 





Table 3.—Distribution of highway-related land uses at interchanges, by highway 
classification 
[Public Roads analysis of 332 interchanges in 16 States] 










| Interstate highway—local road_____....-_.....------------- 
Interstate highway—State-numbered highway ---_-- 
| Interstate highway— U.S.-numbered highway_-____-. ..__. 
| Non-Interstate highway—non-Interstate highway-_-. ------ 

















t 1 No highway-related land uses were recorded at interchanges of 2 Interstate highways. 
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Servite Other tourist- 
; Restaurants Motels oriented 
stations businesses 
Percent Percent Percent Percent 
49 48 32 44 
23 21 Dr wh eee Ry me ee 
28 22 21 56 
Aiea k See 9 28 Fe ee 
100 100 100 100 


at the various types of interchanges (table 3). 
Twenty-eight percent of the motels were lo- 
cated near interchanges of two non-Interstate 
highways, which represented only 4 percent 
of the total number of interchanges in the 
survey. In contrast, 32 percent of the motels 
had locations near interchanges of Interstate 
highways and local or county roads, although 
these interchanges represented 50 percent of 
those in the survey. Moreover, 28 percent of 
the service stations were located near inter- 
changes of Interstate and U.S.-numbered 
highways, even though this type of inter- 
change comprised 21 percent of the total 
number of interchanges in the survey. Other 
tourist-oriented like souvenir 
stands, also seemed to prefer Interstate and 
U.8.-numbered highway interchanges, as 56 
percent of those surveyed occupied sites near 
them. Preliminary statistical analysis has 
indicated that these variations are significant 
at the 95-percent level of confidence. 


businesses, 


Industrial or institutional land uses—fac- 
tories, warehouses, and golf courses—were also 
disproportionately distributed at interchanges 
of two Interstate highways. For example, 17 
percent of the warehouses and factories in 
the survey preferred this type of interchange, 
which was 2 percent of the total number of 
interchanges analyzed. All of the interchanges 
in this group were of the directional type and 
did not provide direct access to adjacent land; 
nevertheless, they can be attractive to those 
who seek a location near two major intercity 
highways. 


Most preferred quadrants 


For interchange planning, it is important 
to know the preferred location of highway 
services on the interchange. Several studies 
have indicated that the most desirable lo- 
cation for highway services is the first quad- 
rant on the motorists right as he approaches 
the interchange (2, 3)4 (see figures 3 and 4). 
Right-hand quadrants ordinarily can be 
reached more easily than other quadrants and 
are prominently visible—two factors that are 
important to the location of highway-oriented 
businesses. Accordingly, the interchange quad- 
rants in the survey were divided into two 


groups—right quadrants and other quad- 
rants—to test the hypothesis that right 


quadrants are preferred by bighway-related 
businesses. (A significant variation was noted 
here at the 90-percent level of confidence.) 
Although 59 percent of the quadrants con- 
taining predominantly highway-related busi- 
nesses were right-side quadrants, only 43 
percent of those containing predominantly 
industrially related land were. (see 
figure 5). 

Quadrants that lack accessibility to the 
interchange attract fewer land uses that de- 
pend on motorists for existence. For this 
reason directional interchanges do not seem to 
attract the same proportion of highway- 
related services as other types of interchanges 
(fig. 6). Eleven percent of the directional 


uses 


4 Unpublished paper presented to the North Central 
Land Economics Research Committee also provided land 
value data (see acknowledgments). 
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COMMERCIAL 
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AGRICULTURAL 


VACANT 


INSTITUTIONAL 





43% 


INDUSTRIAL 


60 50 40 30 20 10 


OTHER QUADRANTS, PERCENT 





10 20 30 40 50 60 


RIGHT QUADRANTS, PERCENT 


Figure 5.—Distribution of general land uses by quadrant—based on analysis of 1,256 
interchange quadrants. 


interchange quadrants surveyed were classi- 
fied highway related whereas the proportion 
for partial cloverleaf interchange quadrants 
was 19 percent. 

Free access and _ restricted 


access inter- 


changes 


The importance of access to the potential of 
land development is generally recognized. 
This access can be provided either by a free 
access crossroad or by a frontage road along 
the freeway. Frontage roads often provide 
good locations for highway-oriented services. 
Of the full-cloverleaf interchanges surveyed, 
25 percent of the quadrants served by frontage 
roads were used for highway services. Inter- 
changes without freeway or frontage-road 





access to the abutting properties—restricted- 
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access interchanges—had no highway related 
uses. Other commercial uses also appear to 
gravitate to free-access interchanges (fig. 7). 


Table 4.—Ratios of service stations and restaurants to motels at interchanges 








Alabama ! 
Michigan: 2 

Major city interchange 

Secondary city interchange -_ __ 


wee | t pie a> aM ~ ee, bir) Gf il ofa e 


a 






Alabama interchanges 


A good source for analysis of the growth o 
land uses near interchanges was provided b: 
data on 57 Alabama interchanges (4), whic! 
showed interchange development from 1964 t 
1968. 


Land uses were recorded more frequentl | ~ 
after highway construction had been com 
pleted (fig. 8). The greatest increase, in bot) ) ” 
absolute and relative terms, was in highway 
related land uses. Although both commercis | ~ 
and industrial land uses exceeded highway 
related uses before highway construction 
highway-related uses were predominantly in 
tensive in 1968, approximately five years afte 
highway construction. As shown in figure ¢ 
the increase in the highway-related land us 
was primarily a result of the increased numbe 
of service stations. In 1964, 27 percent of th 
57 interchange areas had at least one servic 
station. By 1968, the percentage had increase 
to 67 (fig. 10). 


Predicting interchange land development 
} 


Data collected on land development a 
interchanges can be useful to both highwa) 
planners and local communities because i 
not only indicates the past economic growtl 
but also can be used to estimate future growth 
One simple method of anticipating shifts i 
land use near interchanges is through ob 
servation. As shown in figure 11, eight Alabam 
interchanges that contained motels also con 
tained a service station or a restaurant, 0 
both. Often these uses occurred during mote 
construction or immediately after constructio: 
had been completed. As motels are usuall; 
associated with other highway-oriented busi 
nesses, interchange development can be pr 
dicted by noting the locations of motels or 
their planned constructions. This may the 
serve to initiate a more thorough investigatio: 
of the interchange, which could 
evaluation of travel time to the nearest urbai_ 
center and of the center’s population; traffi 
counts; and surveys of local officials, plana 
businessmen, or developers. a 


















p 
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Another method of predicting which inter| 
changes will experience rapid development i 
to compare the proportions of specific inter 
change land uses that are occurring. Severa 
ratios of service stations and restaurants 
motels, are given in table 4. Some of th 
differences in these ratios may be due to th 
fact that motels locate more frequently nea 



































Composite. 2 2h 2 RE OU ee ee i, Se eee 
Pennsylvania 3 
National 4 


! Ratios derived from Alabama report (5). 


2 Ratios derived from data collected in report, Interchange Development Along 190 Miles of I-94, Michigan State Highwe 


Department, 1964. 
3 Ratios are estimates used in Pennsylvania report (6). 
4 Ratios derived from Public Roads survey of 332 interchanges. 


Service Restaurants Motels 
stations 
Ratio Ratio Ratio 
he ee 2 ee 8.5 1.6 1.9 
Pee a ee 2.7 1.9 1.0 
eg ee 2 9.2 3.1 1.0 
4.3 2.4 1.0 
27 1.9 1.0 
a4 1.0 1.0 
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RESIDENTIAL 
35% 


VACANT 
21% 








DIRECTIONAL 
52 QUADRANTS 


RESIDENTIAL 
34% 


GINTERCHANGES __ 


weas of large population concentration and 
service stations more frequently in areas of 
sparse population. 

The value of ratios of this type was shown 
by researchers of the Institute for Research 
on Land and Water Resources at Pennsylvania 
State University (6) who used them to help 
predict the economic impact of interchanges 
on the economy of Clinton County, Penn- 
ylvania. The researchers predicted that four 
interchanges located in the county would 
result in the construction of a new 100-unit 
motel, two new restaurants, one trucking 
terminal, and four service stations, and that 
these new businesses would increase the 
sounty’s total economic activity (estimated 
through the use of an input-output model) 
by $5 million, or 2 percent. This figure 
included a 3-percent increase in annual 
government receipts of $230,000. 
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Figure 6.—Interchange land development by interchange design. 
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Figure 7.—Land development at full cloverleaf interchanges, by type of access—based on 
14 full cloverleaf interchanges. 


A multilinear regression analysis performed 
in a study by the West Virginia University 
Center for Appalachian Studies and Develop- 
ment for the West Virginia State Road Com- 
mission (6) tested with selected variables the 
relation of the number of gasoline pumps, 
restaurant seats, or motel rooms at 79 inter- 
changes in nine States. Factors considered 
in that study included the number of years 
the interchange had been open, distance from 
the interchange to the center of the nearest 
city, and the population of the nearest city. 
The strongest statistical relationship was found 
between motel rooms and the population of 
the nearest city. 

Researchers at Pennsylvania State Uni- 
versity continued the study of development 
at interchanges. In their report (7) they 
verified the feasibility of developing a pre- 
dictive, interchange-development model of a 


. HIGHWAY RELATED 


B. COMMERCIAL AND 
INDUSTRIAL 


C. INSTITUTIONAL 


YS 


BEFORE 
HIGHWAY 





1967 


Figure 8.—Distribution of selected land 


uses at 57 Alabama Interstate inter- 
changes. (Sizes portray growth in number 
of each of three uses in interchange area— 


not relative land area in use.) 
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Figure 9.—Relative growth of selected land uses at 57 Alabama Interstate interchanges. 


simultaneous-equation type. This model fur- 
ther developed in a doctoral thesis by Richard 
D. Twark at Pennsylvania State University 
in 1967, is described in a later progress report 
(8). A two-stage, least-squares technique was 
used in the thesis to estimate statistical 
parameters of the structural equations that 
describe interchange development at 105 
interchanges. The researchers determined that 
average daily traffic on cross routes was the 
single most important factor in explaining 
new highway-oriented development. Other 
researchers at Pennsylvania State University 
developed a model that simulated spatial 
diffusion of land uses at interchanges and 
considered threshold size of population needed 
to support a given function (9). 

Similarly, in a study of Oklahoma inter- 
(10), traffic volumes and size and 
distance of the nearest urban area were noted 
to be primary factors in the development of 
highway-service-oriented establishments. De- 
tailed land use maps were used to describe 
land development near interchanges. Aerial 
photographic observation, land-use maps, and 
simple charts provide a handy combination to 
evaluate interchange development. More 
sophisticated techniques can be implemented 
as the level of economic-development analysis 
warrants more complex analytical tools. 


changes 


Interchange Land Development at 
Circumferential Highways 


Capital Beltway, Washington, D.C. 


Circumferential highways or _beltways 
around urban areas have different character- 
istics from other types of limited-access 
highways. Even though one of their main 
functions is to divert intercity traffic, the 
origin or destination of which is not in urban 
areas, they serve many suburban residents 
and businesses. 
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The Capital Beltway, Interstate Highway 
495, is a 66-mile freeway that encircles the 
most densely populated part of the Washing- 
ton metropolitan area. Since its completion, 
several studies have been conducted to deter- 
mine the impact of this highway on surround- 
ing socio-economic development. In one study, 
a University of Virginia study (11), it was 
determined that nearly 48 percent of industrial 
employment in Northern Virginia was located 
within a mile and a half of the Beltway. 
According to officials of recently located firms, 
the Beltway was a prime factor in their site- 
selection decisions. It was noted in the study 
that since the Beltway was opened, more than 
3,000 apartment units were built within a 
mile and half of the Beltway. When apartment 
residents were sampled, 50 percent stated that 
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Figure 10.—Distribution of service stations at 57 Alabama interchanges, 1964-68. 
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they used the Beltway to go to and tron 
work. 

In another study (7/2) conducted on th 
Maryland portion of the Capital Beltway | 
similar economic attraction was discovered 
The researchers in this study noted that thi 
number of recreation trips between Virginix 
and Maryland suburbs increased after th ° 
Beltway had been constructed. Some of th , 
social aspects of beltway-effect were studiec 
in a Public Roads survey of churches tha 
were located within a half mile of beltway) ° 
interchanges (1/3), in which it was determinec 
that many churches had located near thi 
Beltway to take advantage of the improvec 
accessibility and visibility provided es i 
beltway location (fig. 12). 

After the Beltway was constructed, annua 
windshield surveys were conducted annually : 
by the Bureau of Public Roads to provide ai 
additional perspective of the beltway-effee 
on land development. Even though the Cap 
ital Beltway was completed in 1964, only 2:7 , 
of nearly 40 interchanges had been opened 
and data on land use recorded for these inter 
changes were compared with subsequen | 
surveys. Selected land uses at the interchang . 
quadrants since 1964 are shown in figure 13° 
Churches were found at more Beltway inter 
change quadrants than any other type of lanc 
use. The next most frequent land uses, ii 
order, were apartments, schools, and shoppin; 
centers. In contrast to the Alabama survey 
land uses for highway-oriented businesse 
were not predominant. Apparently, the tend 
ency for residentially oriented land uses, suel 
as apartments, schools, and shopping centers 
to locate at interchanges of a 








highways may increase. 

Because circumferential highways surrounc 
well-developed, populated areas, land uses ad 
jacent to the highway will reflect the patterr 
outlined in the preceding paragraph. Apart 
ments and churches can be located near othe 
residential areas and are more dispersed tha 
the highway-oriented businesses that tend te 
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INTERSTATE AND STATE HIGHWAY 
INTERSTATE AND COUNTY ROAD 


wefer certain interchange areas that are most 
wccessible to through traffic. 


Another measure of development at inter- 
thanges is the number of driveways in each 
juadrant. Figure 14 shows a shift from quad- 
‘ants with fewer than four driveways to 
juadrants with more than four driveways. 
Thus without land controls, the number of 
Iriveways connecting to feeder roads increases 
is demand for land at interchanges increases. 


The Capital Beltway is only one example 
¥ the attraction that highway improvements 
lave on economic development. But beltways 
round large urban centers are different from 
the usual highways because they attract resi- 
lential, industrial, and commercial develop- 
nent. Thus the growth in the numbers of 
ypartment projects, shopping centers and in- 
lustrial parks at beltways is more rapid than 
lighway-oriented land uses because of the 
woximity of large population centers. 

* 


Other beltways 


The Massachusetts Beltway, Interstate 
Highway 495, which serves the Boston metro- 
dolitan area, was also analyzed (14) for its 
fect on police and fire-protection services. 
Researchers determined that this Beltway 
‘acilitated mutual-aid calls between suburban 
dolice and fire departments even though it 
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Figure 11.—Growth of highway-oriented uses at 8 selected Alabama interchanges—a 
profile of development. 


caused an access problem when fires occurred 
between interchanges. They noted that traffic 
in local towns was reduced after completion 
of beltway construction because through 
travelers bypassed town streets. 

The effect of this highway, also known as 
Platinum Pike, Loot Route, and Silver Scimitar, 
was discussed by Governor John A. Volpe, 
now Secretary of Transportation, in a seminar 
at Dean Junior College, Franklin, Massa- 
chusetts, in 1965 (15). The purpose of the 
seminar was to evaluate the impact of the 
beltway and determine the best way to maxi- 
mize its potential contribution to the socio- 
economic development of the area. One reason 
for interest in Interstate Highway 495, was 
the startling development along Massachusetts 
Route 128 where more than 340 industrial 
plants, with an annual payroll of more than 
$400 million, had located by 1965. Develop- 
ment along Route 128, once called the Route 
to Nowhere, was also studied by the Massa- 
chusetts Institute of Technology in a 1958 
study (16). 

In 1960, a study was conducted on portions 
of the Baltimore Beltway, Interstate Highway 
695, by the Maryland State Roads Commis- 
sion (17). According to the researchers, 
residents mentioned increased privacy and 
accessibility as advantages of beltway 
proximity. 
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64 
65 
66 
67 
68 


In the Boston and Baltimore Beltway studies 
it was shown that land development increased 
near circumferential highways. Because these 
highways often are located in more densely 
populated areas than rural Interstate high- 
ways, they apparently experience different 
patterns of land development, which should be 
considered in future techniques for interchange 
research, planning, and control. Some possible 
land uses at beltway interchanges are com- 
muter parking, mass-transit terminals, and 
motorist or tourist information centers. 
Research on one of these possibilities is now 
in progress to consider the problems caused by 
commuter parking at interchanges. 


Use of Interchange Research 


Several States have attempted to implement 
the results of interchange-land-development 
analysis by formulating interchange controls. 
It was suggested in a report (18) by the Utah 
State Department of Highways that the 
installation of parks at interchange areas may 
help maintain interchange ; 
efficiency, as well as provide recreational 
opportunities, and promote tourist trade. 
Recently, a proposal to establish a recreation- 
beautification project in the interchange area 
of the Dan Ryan and Stevenson Expressways 
was discussed at a meeting in Chicago, which 
was arranged by the Chicago Federal Execu- 
tive Board and attended by representatives of 
State, municipal, and Federal agencies— 
Bureau of Public Roads; Federal Highway 
Administration; Department of Housing and 
Urban Development; Department of Health, 
Education, and Welfare; and the Department 
of the Interior. 


transportation 


In a report for the Illinois Department of 
Highways (1/9) it was suggested that State 


highway departments expand the role of 
interchange planning by coordinating this 
function with other community planning 


agencies and urban renewal programs, and 
thereby establish guidelines to assist de- 
velopers and planners when land development 
near interchanges is being considered. As 
implied in figure 15, the intensity of planning 
will vary with the intensity of development. 
Additional control techniques can be adopted 
when warranted by projected development. 
Land development-projection techniques 
facilitate the recognition of potential problem 
areas. 


Recommendations for Further 
Research 


Many research techniques have been used 
to analyze land development at interchanges. 
Nearly 100 studies provide data on land 
development. The consolidation of several 
studies using some elementary statistical 
methods to present a nationwide summary of 
land development at interchanges has been 
attempted in the study reported here. The 
fact that some significant patterns of land 
development were found may indicate the 
need for more detailed and sophisticated 
research approaches, in which these additional 
factors should be considered: 
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Figure 12.—Locations of 36 churches near interchanges of Capital Beltway, Washington, D.C. 1967. 


e Interchange land development may differ 
according to type of interchange design and 
type of limited-access facility concerned. 

e Land development at interchanges may 
be related to initial catalytic land uses that 
attract other related land uses. 

e Interchange land-development research 
should not be separated from the interchange 
planning and control process problem. 

Generalizations about interchanges can be 
made if the data are properly organized before 
the analysis is conducted. The studies that 
have group interchange land data in the 
early stages of tabulation produce the most 
significant findings. Analysis of interchange 
quadrants and specific land uses also reduces 
the level of aggregation and permits more 
careful analysis, which in turn, helps to 
increase the significance of the findings. 

The appearance of a specific catalytic agent 
in land development is not evident imme- 
diately unless land development is measured 
over a period of time. Land-use planners 


NUMBER OF QUADRANTS WITH SELECTED LAND USE 


generally recognize the ability of certain land Figure 13.—Capital Beltway, selected land uses by number of quadrants, 1964-68—fro 


uses to generate or attract other land uses. 
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GRAPH DESCRIBES NUMBER OF QUADRANTS 
CONTAINING THESE SPECIFIC LAND USES. 
IN CONTRAST TO EARLIER ANALYSIS, : 
THERE WAS NO EVALUATION OF PREDOMINANT : : - 
LAND USE IN EACH QUADRANT. 
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. vand near interchanges seems to experience 
Patalytic growth as shown in the foregoing 
nalysis of land development at Alabama 
iterchanges. Future interchange research 
iight find this type of growth to be responsible 
or some interchange development patterns. If 
ighway planners can predict which inter- 
hanges will attract the catalytic form of land 
se, they could design the interchanges to 
andle additional traffic volumes or apply 
ind-use controls to reduce traffic pressure. 
i dynamic model of economic development 
t interchanges may be one approach to the 
olution of this problem. 


Analysis of interchange land development 
aust be coordinated with interchange plan- 
ing to permit maximum use of research 
mdings. Research findings can be useful to 
ioth highway planners and local communities 
yy indicating which interchanges will ex- 
rience rapid land development. Because 
apid land development is often associated 
‘}vith increased trip generation, highway 

ificials can take immediate steps to preserve 
‘}he efficiency of the interchanges as a trans- 
jortation investment by considering possible 
lesign alterations to improve interchange 
raffic capacity. 


On the other hand, local planning officials 
nay also wish to take land-use control meas- 
ires that limit the density of land develop- 
nent near the interchange. Coordination of 
doth planning functions, land development 
‘}ind interchange planning, is required to 
Jermit optimal economic development and to 
ivoid interchange traffic congestion, which 
lot only creates a safety hazard but also 
‘educes the efficiency of the entire highway 
jetwork. The chart shown in figure 15 de- 
scribes some of the factors that may be part 
vf this process. 


Summary 


Land-use data at 332 interchanges in 16 
States have been analyzed to determine land 
Jevelopment patterns at interchanges. Land 
j|development at these interchanges was de- 
termined to be largely agricultural and resi- 
Jential, although more than 17 percent of the 
terchange quadrants had predominantly 
ighway-related land uses—motels, restau- 
nts, and service stations. 

Although the majority of interchanges 
tudied were those with at least one inter- 
eting Interstate highway, the major land 


es at non-Interstate interchanges were 
mmercial, industrial, and _ institutional. 


Ee concentration of these uses at non- 
Interstate intersections may be influenced by 
the relatively recent construction of the 
Interstate System and may indicate that 
greater land development will occur at Inter- 
late interchanges in the future. 


_ Certain types of interchanges were observed 
(© contain significantly larger proportions of 
ertain land uses. Land uses generally associ- 
ated with residential development were 
predominant near interchanges of Interstate 
highways and local roads. Highway-related 
and uses tended to concentrate near inter- 
hanges of Interstate highways and U.S.- 
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numbered highways. In contrast, interchanges 
of two Interstate highways contained rela- 
tively larger portions of industrial land uses. 
Perhaps this was caused by the increased 
regional accessibility of the sites or by the 
lower land values resulting from the relative 
lack of access to nearby developments. 

At Alabama Interstate-Highway  inter- 
changes, land development within a radius of 
one-half mile from the interchange centers 
consisted largely of highway-oriented busi- 
nesses. Interchanges near population centers, 
such as beltway interchanges, included larger 
proportions of higher land such as 
apartment developments and industrial parks. 

Studies of interchange development can 
help planners predict which interchange areas 
will experience unusually rapid development. 
The coordiaation of interchange research and 
highway planning facilitates formulation of 


uses, 


control techniques and planning methods that 
preserve the efficiency of the interchange and 
promote optimal economic benefits to the 
community. 
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Figure 15—Suggested system for interchange planning and control. 
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Traffic Marking Materials— 
Summary of Research and Development 


Reported by’! BERNARD CHAIKEN, 
Principal Research Chemist, 
'Materials Division 


S MOST highway engineers realize, 

traffic marking has become a sizable item 
in the maintenance budgets of many highway 
departments. In a published survey (1)?, it 
was shown that throughout the United States, 
in 1965, 12 million gallons of conventional 
traffic paint were purchased by the States 
and an estimated additional 914 million 
gallons by cities and counties. Thus city, 





1 Presented at the 55th Annual Meeting of the American 
| Association of State Highway Officials, Philadelphia, Pa., 
October 27-31, 1969. 
*Italie numbers in parentheses identify the references 
listed on page 256. 
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BY THE OFFICE OF 
RESEARCH AND DEVELOPMENT 
BUREAU OF PUBLIC ROADS 


Recent research in traffic marking materials is presented in this review to 
summarize the state-of-the-art since the last comprehensive bibliography 
published in 1952 by the Highway Research Board. It is intended not to present 
a complete bibliography on the subject since 1952, but rather, to point out the 
most pertinent research findings and developments in recent years. Research 
and development in the United States sponsored jointly by the State highway 
departments and the U.S. Bureau of Public Roads is emphasized and supple- 
mented by information on other ongoing research by other agencies in the 
United States and throughout the world. 

Many proprietary trade products are specifically mentioned to present a 
more complete account. Mentions of trade names are not to be considered 
endorsements of the products, nor are omissions of trade products, either 
overlooked or unknown to the author, to be considered inferences that such 


products are of lesser quality than those mentioned. 
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county, and State governments nationally 
used more than 21 million gallons of con- 
ventional traffic paint. At average costs of 
$1.66 per gallon for white paint and $1.95 for 
yellow paint (1), the national cost for paint 
binder in 1965 alone was estimated at $38 
million. It was also reported in the survey 
that approximately 107 million pounds of 
reflectorizing glass beads were purchased by 
these governments during the same year—66 
million pounds by the States and an estimated 
41 million pounds by cities and counties—at 
an estimated cost of about $12 million. Ac- 
cordingly, the total cost of paint and beads 
during 1965 was approximately $50 million. 

But these material costs are reported to be 
only about a third of the total cost of installed 
conventional striping (2). Thus the annual 
overall cost of striping with conventional 
paint in the United States is estimated to be 
at least $150 million. This estimate does not 
include costs of other marking systems like 
hot thermoplastics, preformed stripes, or 
raised button-type markers, which are known 
to be appreciable. Not only these exorbitant 
costs, but also the need for adequate lane 
delineation to enable safe driving during all 
seasons of the year and in inclement weather, 
have stimulated pavement-marking research 
and development. The significant trends and 
developments in this field since the last 
comprehensive bibliography on pavement 
marking materials, published by the Highway 
Research Board in 1952 (3), is summarized 
in this review, which is intended not as a 
complete bibliography, by any means, but 
as a current state-of-the-art report to point 
up to present researchers and _ potential 
producers the most pertinent research and 
development in recent years. 

In gathering information for this review, 
research and development in this country, 
particularly through Federally-aided highway 
studies (4) and similar experimental projects, 
emphasized. In addition, information 
on recent international research, obtained 
through the Highway Research Information 
Service of the Highway Research Board, as 
well as available literature, reports, and 
unpublished information on domestic and 
international developments, were reviewed. 
Many proprietary products, which may not 
have been fully evaluated by unbiased con- 
sumers or governmental agencies, are specif- 
ically mentioned in this review. The men- 
tioning of any product to provide the reader 
with a broader scope of developments is not 
to be construed as an endorsement of that 
particular product. Similarly, the names of 
many deserving trade products unknown 
to the author probably have been omitted. 


was 


Conventional Solvent-Based Traffic 
Paints 


The main objective of recent research and 
development in conventional traffic paints has 
been to improve durability and performance 
or to obtain more economical markings. 
Recent research activities include: studies 
of composition, as related to performance; 
special pavement pretreatments; accelerated 
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laboratory tests to predict durablity; evalua- 
tion of the nature or cause of field failure; 
film thickness; and developments in reflector- 
izing glass beads. Each of these is discussed 
separately. 


Composition 


During the period from about 1940 to 1960, 
considerable research effort was directed at the 
pigment portion of traffic paint. In recent 
years, however, this aspect has received little 
attention from the State highway depart- 
ments. Recent research and development 
effort on paint composition largely has been 
directed to the organic binder, commonly 
referred to by paint specialists as the non- 
volatile vehicle. The most commonly used 
organic binder in conventional traffic paints 
purchased by State highway departments is 
the drying oil modified alkyd resin (/). Other 
vehicles used by these agencies in order of 
their decreasing prominence are: chlorinated 
rubber-alkyd, dispersion resins, phenolics, 
chlorinated rubber-petroleum hydrocarbon, 
and polyvinyl toluene polymer. A 1968 report 
by the Georgia Institute of Technology in- 
cluded results of laboratory and field tests on 
a wide variety of traffic paint formulations (6). 
The authors of that report concluded that oil 
modified alkyd, as well as chlorinated rubber- 
alkyd traffic paint, exhibited good perform- 
ance—much better than most of the other 
types evaluated. In a separate report, it was 
shown by the New York Department of 
Transportation that, compared to a number 
of other conventional solvent-based paints, 
oil-modified alkyd paint gave the best perform- 
ance (2). The New York Department of 
Transportation also conducted field tests and 
found that latex or emulsion-type paints did 
not compare favorably with their standard 
modified alkyd paint (6). The work in New 
York indicated that the latex paints had a 
useful life of only three or four months on 
either concrete or bituminous pavement. The 
latex paints performed poorly regardless of 
whether they were applied at ambient tem- 
perature or preheated and applied hot. Latex 
paints were also found to give poor adhesion 
in field tests reportedly conducted by the New 
Jersey State Department of Transportation 
(7). 

Federally-aided research at North Dakota 
State University is currently being conducted 
on traffic paint vehicles that have the poten- 
tial of reacting with the pavement substrate 
to provide good bond and durability. In 
this research, isocyanate-based paints are 
being studied for reaction with portland 
cement concrete pavement. At present, no 
significant trends have been reported. Current 
research at the Central Office of Public Roads 
in Poland is directed toward the development 
of polystyrene paints, but no conclusions are 
yet available? 


Special pavement pretreatments 


In a 1957 study by Keese and Horn, it was 
reported that, compared to simple brooming 


’ Highway Research Information Service, 
Research Board, Washington, D.C. 
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Li 
or use of compressed air alone, sandblasting 
portland cement concrete pavement to clear 
the surface prior to striping increased painj 
life substantially (8). In that study, sand 
blasting costs were reported to be 10 cent 
per linear foot. Regular cutting sand with a 
airflow of 210 cubic feet per minute and 11 
p.s.i. compression was used for blasting. In <7 
report issued by the New York Department ; 
Transportation in 1969 (2), it was determine 
that neither acid etching nor synthetic rubbe) i! 
primer increased the durability of traffic pain 
on either concrete or bituminous curtail ! 
regardless of the ages of the surfaces. It was Mi 
also reported that preheating the paint an 
applying it hot did not increase durability 
According to a 1966 study by the Corps o » 
Engineers, adherence of paint to portlanc 
cement concrete pavement can be improvec 
by pretreating the pavement with a 50-5( 
mixture of boiled linseed oil and minera 
spirits (9). It was shown in their field testi 
that, compared to an untreated test section 
adhesion to the pretreated pavement was 
superior. This finding should be of value a 
northern States where concrete bridge decks 
are pretreated with linseed oil to preva 
damage by deicing salt. 
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Laboratory tests and cause of traffic paint 
failure 


For a great many years an urgent need has 
existed for an accelerated laboratory wear test 
that would accurately predict field durability 
and properly rank traffic paints according tc 
their field performances. Over the past severa. 
decades, much research has been directed tc 
developing such laboratory-wear or abrasior’ 
tests. Simulated traffic wheels, Taber abrasio 
tests, falling sand tests, and other methods 
have been tried, but none has gained universal”. 
acceptance because of poor correlation with ~ 
field results. A recent additional effort by the 
Georgia Institute of Technology to develop e 
laboratory wear test that would correlate wel 
with field performance (6) was unsuccessful 
During 1968, research reportedly was under- 
way at the Federal Institute of Road Researek 
in Germany to develop an accelerated labora- 
tory durability test.‘ 


Apparently, some traffic paint specifications 
that are based solely on physical tests are un- 
able to adequately assure good paint perform- 
ance on the road. This fact was confirmed by 
a 1964 report by the U.S. Naval Civil Engi- 
neering Laboratory (NCEL) in connection 
with Federal Specification TT-P-85b (10). 
which is for reflectorized traffic paint fo 
airfield runway markings. The NCEL repo 
stated that mere conformity with the require 
ments of Federal Specification TT-P-85b did 
not guarantee a paint with good field service 
nor did the test results obtained on a wid 
variety of conforming paints correlate wel) 
with field service. In particular, NCEL re 
ported that the laboratory bleeding test wa 
of little value in predicting field bleeding be 
havior. Specification TT-P-85b also stipulate 
a falling sand abrasion test to assure good 


4 Highway Research Information Service, Highway Re 
search Board, Washington, D.C. 
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durability, but the merits of this test are 
rather questionable on the basis of the NCEL 
findings. 

, Perhaps the major reason that abrasion-type 
aboratory tests have never become fully re- 
liable or firmly established is that actual field 
failure involves a different mechanism. Ac- 
|) cording to recent research results from an 
a ongoing study by the State Highway Com- 
“)mission of Kansas, chipping or loss of adhe- 
‘Vision, rather than abrasion loss, is a major 
Yeause of traffic paint failure on portland 
a cement concrete. This observation, partic- 
‘ularly with respect to concrete surfaces, was 
also noted by the Texas Highway Department 
and was reported in the literature by others 
some years ago (17). Work currently underway 
“Vin Colorado confirms that traffic-paint chipping 
is a prominent cause of failure (12). 


“) Paint film thickness 


~The most predominant wet film thickness 
of traffic paint used by most State highway 
departments is 15 mils (1). Use of this thick- 
hess may have become a general practice as a 
combined result of field experience and pub- 
lished research results. More than 10 years 
ago, the Michigan Department of State 
Highways, investigating the field performance 
of various wet film thicknesses from 12 to 21 
mils (13), reported that the thicker films were 
}more durable but that the additional life of 
paint thicker than 16 mils was not directly 
|) proportional to the additional thickness used. 
Accordingly, it was concluded that to increase 
“the wet film thickness beyond 16 mils was 
}}n0t economical. Thus, the general practice of 
applying a wet film of 15 or 16 mils seems 
to have some substance. This practice is 
keyed to the use of conventionally graded 
|) glass beads. 


In more recent work reported in 1965, 
esearchers at the Georgia Institute of Tech- 
nology reported that paint durability, and 
even night visibility, was improved as wet 
film thicknesses within the range of 10 to 20 
ils (6) were increased. They specifically 
oted that wet film thicknesses of 10 mils were 
Brcrally incapable of properly binding drop- 
on beading, presumably of conventional 
| gradation. Their field work included a two-coat 
pplication of 15 mils each, which provided 
superior performance. However, it was postu- 
| | lated in the report that, for single-coat appli- 
|) cations, 20 mils would seem to be the practical 
upper limit for the types of paints investigated. 
The Kentucky Department of Highways, 
experimenting with multiple film applications 
}of 15 mils each, reported informally that 
multiple coats provided improved durability 
Over a single 15-mil thickness, but that the 
comparative economics had not been fully 
established. 


On the other hand, some of the research now 
being pursued seems to contradict part of 
these findings. For example, researchers at 
North Dakota State University, conducting a 
iraffic paint study supported financially by 
the North Dakota State Highway Depart- 
ment and the Bureau of Public Roads, have 
stated that wet films much thinner than 15 
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or 16 mils are required for good paint adhesion 
and subsequent durability. This contention 
is based on limited field tests and on the 
premise that traffic paint fails more often 
through lack of adhesion than through 
abrasion. However, only limited field evi- 
dence has yet been presented to support this 
hypothesis. In an interim report on a study 
by the State Highway Commission of Kansas 
it was stated that both reflectivity and dura- 
bility were increased when paint film thickness 
was reduced from 15 to 10 mils (14). This 
work is being performed in conjunction with 
an investigation of reduced bead application 
rates. 

Hence, at present, evidence as to the 
optimum film thickness seems to conflict. 
Perhaps test conditions and even the bead 
application rate are some reasons for the 
different findings. The work in Kansas on 
films thinner than 15 or 16 mils was conducted 
on previously striped areas where remnants of 
the old stripe still remained under the newly 
applied stripe. Consequently, the thicker the 
new stripe, the more the older paint remnant 
lost its adhesion to the pavement. Moreover, 
where larger accumulations of old paint were 
evident, it was determined that chipping losses 
increased. The Kansas work also included an 
investigation of reduced bead application rate, 
which will be more fully considered in the next 
section. 

The optimum film thickness of traffic paint 
may therefore depend on whether striping is 
applied to a previously unstriped area or to an 
area on which remnants or accumulations of 
old paint still exist under the new striping. 
In addition, it is becoming apparent that 
optimum film thickness is closely related to 
bead gradation and bead application rate. 


Reflectorized beads 


Small glass beads not only provide night 
visibility for traffic stripes but are reported to 
contribute as well to the overall durability of 
the paint binder (4). Within the last several 
years, considerable attention has been given 
to the role of traffic paint beads. A recent 
article by J. M. Dale, based on theoretical 
considerations, raised many questions about 
the adequacy of current State highway specifi- 
cations for bead gradation and application 
rate (15). The parameters of glass beads, 
including the best index of refraction, are 
controversial factors, which fortunately are 
under intensive investigation at present. 

In most State highway departments, the 
present practice is to use beads of a standard 
refractive index—1.50++ as opposed to 1.65 or 
more—and an application rate of about 6 
pounds of drop-on beads per gallon of paint 
(1). Generally, the bead-size gradations range 
from a maximum of 20 mesh to a minimum of 
about 100 mesh (15). These common practices 
will now be examined in the light of recent 
research and development findings. 

Regarding refractive index, the New York 
Department of Transportation reported that 
although the special 1.65-+ index bead, 
measured instrumentally, gave slightly better 
initial reflectivity, the improvement was 
hardly noticeable to the driver, and the 


measured quantitative difference diminished 
and finally disappeared as the stripe exposure 
time increased (16). It was concluded that use 
of the standard index bead, 1.50+, at a savings 
of 2 to 3 cents per pound, was preferable. 
The results in New York were applicable to 
both concrete and bituminous pavements. In a 
recent report by the Colorado Department of 
Highways, similar results were cited (12). 

The application rate of drop-on glass beads 
to traffic paint is another parameter that is 


receiving current research attention. On the 
basis of an ongoing research study, being 


conducted in conjunction with the study of 
films thinner than 15 or 16 mils, the State 
Highway Commission of Kansas reports that 
the beading rate could be reduced from 6 
pounds per gallon of paint possibly to 4 
pounds per gallon with no loss in reflectivity 
or durability and with resultant economic 
savings (14). According to theoretical consid- 
erations and practical laboratory tests, an 
intermediate bead application rate provides 
better reflectivity than either a very high or 
very low rate (17). In a recent report by the 
Colorado Department of Highways it was also 
shown that an application rate of 4 pounds per 
gallon was both more economical and more 
effective than a rate of 6 pounds per gallon 
(12). However in that work, other special 
parameters, such as special gradation and 
specially coated beads to afford a flotation 
feature, were involved. 

Bead gradation is also undergoing research 
consideration. The current gradation specifi- 
cations used by the State highway depart- 
ments differ considerably. Generally the sizes 
specified range from a top size of 20 mesh 
(100 percent passing) to approximately 100 
mesh size (15). Highway engineers are inter- 
ested in obtaining an optimum gradation and 
more uniformity between the gradation 
specifications of the State highway depart- 
ments. In the previously cited article by Dale 
(16), it is suggested that fewer than 30 percent 
of the beads of current conventional gradation 
for drop-on applications are effective when 
they are first applied. It is claimed that many 
of the beads of the small size fraction are 
immediately submerged in the paint and there- 
fore are not initially effective. It can be argued 
that these submerged beads never become 
effective if the paint fails by chipping. On the 
other hand, if the paint wears out mainly 
through abrasion, the initially submerged 
beads become effective later in the life of the 
film. Previously cited research supports the 
theory that adhesion or chipping failure is a 
significant factor in the life of the paint film, 

Field test results, reported some years ago 
for special gradations of glass beads obtained 
from a single source (18), indicated that 
coarse beads, 20 to 40 mesh, initially gave 
much higher reflectance than either fine beads, 
40 to 100 mesh, or conventionally graded 
beads, 20 to 100 mesh. However, this supe- 
riority was not maintained for a long period. 
After about six months exposure, the reflec- 
tivity of the coarse gradation dropped below 
that of the other two gradations, indicating 
that the coarse beads ultimately are removed 
from the binder by traffic action, even though 
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they are initially more effective because a 
greater proportion is exposed at the surface. 
In recent studies it has been shown that 
coarse beads, 40 mesh or larger, are lost by the 
binder soon after installation because they 
are poorly anchored (12, 14). Conversely, the 
extremely fine beads, 80-100 mesh, sink into 
the paint and never become effective reflective 
units when the paint fails from chipping or 
lack of adhesion. Accordingly, without consid- 
ering cost factors, the optimum gradation 
should be one that is between a maximum size 
of 40 mesh and a minimum size of about 80 
mesh, provided that a conventional wet film 
thickness of 15 or 16 mils is used. 

The Colorado field experiment cited earlier 
is now being conducted on uniformly graded 
beads of a narrower gradation range than 
conventional gradations (12). The beads 
contain a coating that gives them a flotation 
property that is claimed to make them float 
but be partially immersed in the paint film. 
Presumably this property allows more reflec- 
torizing units to be available at the paint 
surface. In interim reports from the Colorado 
experiment, it is shown that the special beads 
applied at a rate of 4 pounds per gallon 
provide reflectance equal to or greater than 
that of the conventional beads normally used 
by the States, which are applied at a rate 
of 6 pounds per gallon. According to the 
Colorado report, use of the special beads at 
the reduced application rate provided signifi- 
cant cost advantages. After 10 months, field 
tests indicated no evidence of any serious 
reversals in reflectance or of poorer durability. 
These findings have been confirmed by the 
Nebraska Department of Roads which in- 
formally observed the performance of such 
beads. The Nebraska observers stated that 
the flotation feature seemed more important 
than closer grading, as beads of the same 
grading but without the flotation property did 
not provide the same high degree of reflectance. 

One predominant factor for good reflectivity 
seems to have been established by the results 
of past and current research—a bead must be 
slightly more than one-half immersed in the 
paint binder to obtain maximum  retro- 
reflectivity at high incidence angles (17). 


Rapid-Dry Traffic Markings 


There has been a recent upsurge of interest 
in rapid-dry traffic markings among State 
highway departments. One reason for this 
interest is the desire to disrupt traffic flow 
as little as possible during striping operations 
on existing highways where traffic densities 
are increasing. Another reason is economics; 
the cost of placing and removing the traffic 
cones needed for conventional striping can be 
partly offset by using the more expensive 
quick-dry markings, which do not require 
protective cones. 

Several years ago a study was conducted on 
the use of microwave energy to heat and 
quickly dry traffic paint after its application 


to the pavement (19). The method was 
adjudged technically unfeasible because it 


was difficult to maintain a sufficient high- 
energy intensity in the paint film owing to its 
dissipation into the pavement itself. 
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The use of plasticized sulfur, which is 
melted in a flame or kettle and hot-sprayed 
onto the pavement, is being investigated as a 
quick-set marking by the Phillips Petroleum 
Company. Another material that seems some- 
what similar, called Sullarzan, was reported 
in the British literature (20), in which the 
following properties were claimed: It is 
obtained by polymerizing sulfur (it may, in 
fact, be a mixture of polysulfide polymer and 
unpolymerized sulfur); it is available in 
solid granular form; it was developed by the 
Societé Nationale des Petroles d’ Aquitaine 
and is being introduced for trial in France 
and England; it is available in any color, 
presumably is applied in molten form, and 
dries, or sets, to a no-pick-up condition in 15 
seconds; it contains glass beads and may 
even be applied to wet or icy roads (the 
latter claim is rather difficult to believe) and 
its covering rate is 400 grams per square 
meter. Its producer claims high durability 
“6 times the durability of existing road 
marking materials.’? No evidence of rigorous 
and conclusive field research on the merits of 
sulfur-based markings by highway agencies is 
known to the author. 

Several fast-dry, solvent-based paints were 
introduced in the last decade, one of which is 
the Nzte-Line paint produced by Prismo 
Universal, Inc. Claimed to dry in 3 minutes 
or less, the paint is heated to 165°F and is 
applied by spray from special equipment. 
Glass beads are blown by compressed air 
into the wet binder. Application speed is 
said to be 8 m.p.h., and no traffic cones are 
used when the material is applied to the 
pavement. A follow-up truck about 500 yards 
behind the application truck temporarily 
keeps traffic off the wet stripe until it dries. 
The cost of the material, including glass 
beads, is about $6 per gallon. Reportedly, 
this product has been used in New York 
City and Baltimore, as well as in Pennsyl- 
vania, Florida, and Arkansas. In a recent 
article, it was reported that the Michigan 
Department of State Highways used a heated 
fast-dry paint, which may be similar to the 
above-mentioned product (21), except that 
the dry time claimed in the Michigan appli- 
cation was 1/4 minutes rather than 3 minutes. 

A similar fast-dry paint product, called 
Green-Lite Liquid Striping Compound, is being 
sold by the 3M Company. This solvent-based 
paint has a high solids content and is heated 
to 250°F and applied by airless spray. Dry 
time is claimed to be only 2—20 seconds, or an 
average of 10 seconds. The striping equipment 
can be purchased. The material contains 
pre-mixed beads and is applied at a wet-film 
thickness of 15 mils, which provides a dried 
film of about 11 mils. The producer claims 
that the material reacts with the air immedi- 
ately when it is sprayed and that this aids in 
speeding up the dry time. Again, no pro- 
tective cones are required for application. 
The durability of the paint is said to be 
equal to that of conventional striping, and 
material costs are about $8 per gallon. The 
maximum speed of the striper is 10 m.p-h. 
The company states that this material is 
being tried out in Florida, Michigan, Missouri, 
California, and Colorado. 
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Similar heated, fast-dry proprietary paints |) 
such as Hot Line produced by the Baltimon 
Paint and Chemical Corp., are also availabl }" 
from other producers. Within the last yea 
or two, the Texas Highway Department ha 
been experimenting with a fast-dry, heate 
paint based on chlorinated rubber, chlor 
nated paraffin, and alkyd resin. The pain 
has a low solvent content and requires onl 
moderate heating. The needed heat can bk 
obtained from the liquid cooling system ¢ 
the engine on the striping truck, thereb 
eliminating the need for special auxilia 
heaters like those used for some of the othe ats. 
proprietary fast-dry, heated paints. This me 
terial is applied by airless spray and reported] 
dries in 2 minutes when heated to abou 
120°F, or alternatively dries in 4 or 5 minute 
when applied without heating. Material cos |» 
of this paint is estimated to be about $2.6 )\ 
per gallon. This material may be fairly simile )) 
to the British product called Clearlane. ih 
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Several other types of proprietary produet 
have a rapid, almost instant, setting property 
These include the hot-extruded thermoplast. 
striping and hot-sprayed plastic materia 
that are applied as rather thick coating 
However, because such materials were pr 
marily developed to provide long-lastin § |) 
stripes, they will be discussed more fully i 
the following section. 





Semi-Permanent Markings le 


Materials that have been developed 1 
serve as semi-permanent markings incluc 





preformed glue-down plastic stripes, ho 
extruded and _ hot-sprayed  thermoplast 








stripes, and plastic or ceramic raised buttoi 
type markers. Compared to convention: 
stripes, they were developed mainly to provic 
long-range economic benefits, although tt 
raised button-type markers are also intende 
to provide improved visibility in rain or fo; 




























Preformed glue-down plastic stripes contai . ; 
an adhesive backing and are mainly used o | 
bituminous pavement in high-density urba 
areas—usually for crosswalks and stop line 
Their use on open highways has been rath 
limited. A report by the Arkansas State Hig 
way Department indicated that such materia 
do not provide adequate durability, main 
because their adhesion to concrete surfaces 
poor (22). Somewhat better performance wWé 
reported when the material was applied t 
bituminous surfaces. Installed costs on a col 
tract basis were stated to be 55 cents pc 
linear foot of 4-inch-wide stripe. A researc 
report by the New York Department 
Transportation similarly indicated poor dur: 
bility on open highways because the materi 
was quickly dislodged and destroyed b 
traffic and snowplows (23). Proprietary pro 
ucts of this type produced in this countr 
include Plastix and Neff-Slabs. An apparentl 
similar material, called Verynl, was inves 
gated by the New Zealand Transport Depa 
ment in 1968. This material is claimed t ¥ 
have good wear and to be more economic 
than paint for pedestrian cross-walks. Very) ¥%) 
contains polyvinyl chloride, is 2.5 mm. thiel 
and is applied with standard mastic. It wé 
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eportedly tried out in this country in Los 
ngeles. 

i There has been considerable research in this 
ountry on hot-extruded thermoplastic stripes, 
vhich are applied at’a thickness of about 
ne-eighth inch. Such materials are sold under 
ne trade names of Permaline and Catatherm. 
. comprehensive survey and report on these 
iaterials, prepared this year by the Bureau of 
ublic Roads (24), was based on the results 
f a large number of installations throughout 
he United States. The major conclusion and 
scommendations in that study were as 
dilows: 


'@ Hot-extruded thermoplastic materials were 
1uch more durabie on bituminous pavement 
han on concrete pavement. The material is 
tore durable on older concrete than on new 
oncrete. 

'@ Snowplow activity dislodged the material 
rom the pavement, particularly on concrete. 


'e A factor limiting the economic value of 
hermoplastic striping on bituminous pave- 
ient is the limited maintenance-free life of 
he bituminous surface. 

‘e Unremoved layers of old paint adversely 
ffect the adhesion of thermoplastic striping 
9 the pavement. 


'¢@ Under conditions of little or no snowplow 
ctivity, thermoplastics were found to be more 
economical than paint striping, provided the 
raffic density was appreciable. For bituminous 
iavements, the daily density should exceed 
,000 vehicles per lane; for concrete pavements, 
he density should exceed 9,000 vehicles per 
me. Under conditions of moderate snowplow 
ictivity, the use of thermoplastics could be 
ustified, provided that traffic density levels 
re high enough. Finally, under conditions of 
evere snowplow activity, there is little eco- 
tomic justification for the use of hot-extruded 
hermoplastics. 


_® Guidelines in the report enable the selec- 
ion of the most economical material—paint 
ir thermoplastic—for different traffic densities 
ind degrees of snowfall. 


An interesting sidelight to investigations of 
hermoplastic striping materials is a 1965 
eport by California (26). Contrary to some 
deliefs, it was shown that thermoplastic 
itriping presented no substantially greater 
kidding hazards than conventional striping. 





Thick coatings of hot-sprayed plastic mate- 
jal for semi-permanent markings is a com- 
jaratively new development, exemplified by 
he proprietary product called Hot Spray 
"lastiz. This hot-sprayed material, applied 
tt a thickness of 90 mils, costs approximately 
1 to 26 cents per linear foot for 4-inch-wide 
itripes and hardens in seconds. At present, 
‘Xperience has been more limited with this 
naterial than with hot-extruded thermo- 
dlastics. The product is being tried in Phila- 
lelphia, on the Penn-Lincoln Parkway near 
Pittsburgh, on I-495 near Washington, D.C., 
ind on various expressways in and aroand 
New York City. 


Raised button-type markers are also a form 
of semi-permanent marking, but because they 
ilso serve to improve night-wet visibility, 
hey are discussed in the following section. 
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Markings for Improved Night-Wet 
Visibility 


Raised button-type markers, used widely 
in some of the far western States, notably 
Washington and California, actually serve 
two purposes: they are long-lived and there- 
fore economical, and they provide excellent 
night-wet visibility. Their use has been 
limited largely to areas that are free from snow 
and snowplow activity. Raised markers are 
used extensively in the snow-free areas of 
California (26). Patterns of four white non- 
reflective markers placed 3 feet apart are 
separated by 15-foot gaps. One reflective-type 
marker is placed in each gap on curves and 
in alternate gaps on tangents. According to 
the California Department of Public Works, 
the best reflective marker in use is an acrylic 
or ABS plastic-encased corner cube reflector. 
The Department’s experience indicates that 
the raised marker is much more durable than 
conventional paint. The Washington Depart- 
ment of Highways also has reported good 
experience with raised markers in snow-free 
areas (27). Raised markers were reported to 
be superior to standard traffic paint in terms 
of durability, driver preference, and night- 
wet visibility, and their cost for a 10-year 
period was claimed to be compatible with the 
cost of standard paint striping. The annual 
cost of marker maintenance was one-fourth 
that of paint-striping maintenance. The 
California Department of Public Works 
recently reported on the development of a 
rapid-set epoxy adhesive for raised markers 
(28), which is based on the use of a poly- 
mercaptan curing agent that cures epoxies 
in thin films at a rate that is 7 to 10 times 
faster than the conventional curing rate of 
epoxies. The new adhesive can be used at 
temperatures lower than 30° F. 


Raised markers perform poorly in snowy 
areas that are subjected to snowplow activity, 
as proved by experiments in Arkansas (22) 
and California (29), in which raised buttons 
failed badly. In California, failure occurred 
even when precast markers were inset in the 
pavement to obtain a lower profile. Poor 
performance in snow areas was also evident 
when epoxies were cast and cured-in-place 
in cut-out pavement sections that were 
finally finished off flush with the pavement 
surface. 

When applied in snow-free areas, raised 
button-type reflective markings have sub- 
stantially solved the problem of good night 
visibility under wet weather conditions. 
Present emphasis in research is to extend this 
solution to the snow-belt area of the country 
and also, if possible, to develop more econom- 
ical and durable systems. In an interesting 
research study just completed in the State of 
Washington, regular raised markers were used 
in a snow-belt area, and snowplow blades were 
equipped with neoprene rubber bits to prevent 
marker damage. During two winter seasons 
at three separate test sites, the synthetic 
rubber bits were effective in removing snow 
except when the temperatures consistently 
remained below freezing. When semi-thawing 
conditions existed or could be induced by 


deicing chemicals, the rubber-tipped plows 
were very effective. Although initial costs were 
higher, the rubber bits did not wear out as 
quickly as steel bits and actually cost less 
per mile plowed. The most interesting part of 
this experiment was that few raised markers 
were lost at the test sites. At one site with 
concrete pavement, marker loss attributed to 
the rubber-tipped plow blades was from 1 to 2 
percent during one winter season. At another 
site with bituminous pavement, marker losses 
were from 3 to 5 percent for a single winter. 
At the third site, no definite count was made, 
but the State reported from informal observa- 
tions that little marker loss occurred in one 
winter. 

Another development to obtain night-wet 
visibility in northern States where snowplow 
operations are extensive is the so-called 
snow-plowable, raised, reflective marker under 
investigation in both Pennsylvania and Texas. 
The reflective element is a high strength 
acrylic plastic that is based on corner-cube 
retroreflection and is contained in a steel 
casting with two keels. The keels are cemented 
with epoxy resin into grooves cut into the 
pavement. The casting also contains pro- 
tective runners that direct snowplow blades 
over the marker, presumably without damage. 
The marker is installed in the skip zone between 
dashed stripes, generally in every other skip 
zone on tangents and each skip 
significant grades and on horizontal curves. 
The estimated installed cost of each marker is 
approximately $4, and the replacement cost of 
each reflective element is estimated at 25 
cents. The Texas project was recently initiated 
but the Pennsylvania installation on the 
Schuylkill Expressway in Philadelphia has 
been in progress since 1967. Informal reports 
on the latter investigation indicate that 
although very little snowplow damage occurs 
to the steel castings, the plastic reflectors have 
been badly damaged. 

Other ideas for more economical, snowplow- 
resistant systems for night-wet visibility are 
being investigated in an ongoing study at the 


zone on 


Georgia Institute of Technology that is 
sponsored jointly by the State Highway 


Department of Georgia and the Bureau of 
Public Roads. Researchers are looking into the 
possibilities of a corrugated or textured hot 
thermoplastic stripe containing beads. The 
thought behind this work is that the peaks of 
the corrugated thermoplastic stripe will not 
be immersed in water during heavy rains and, 
thereby, will provide retroflection in wet 
weather. The study also includes use of 
reflectorized aggregate chips in a_ suitable 
binder to obtain the same results. Two test 
sites, one snow-free and the other subject to 
snowplow activity, will be used in the in- 
vestigation. Performance will be compared 
with conventional raised markers. 

Another approach to the night-wet visibility 


problem is under study in the National 
Cooperative Highway Reaserch Program 


managed by the Highway Research Board. 
This study, NCHRP Project 5-5 entitled 
Nighttime Use of Highway Pavement Delineation 
Materials, is in progress at the Southwest 
Research Institute. It deals with the use of 
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quarter-inch-diameter glass beads that are 
dropped into a cast-in-place epoxy marker, 
which is then allowed to set and harden. The 
large-bead concept was developed in a pre- 
liminary phase of the same study (30). The 
researchers had developed the concept that 
one-quarter-inch diameter beads _half- 
imbedded in an appropriate binder will provide 
a profile that will not be completely inundated 
by a film of rain water and, thereby, will 
provide adequate night-wet visibility. The 
researchers believed that this concept would 
be expensive than commercial raised 
markers and that the lower overall profile 
would be subject to less damage by snowplows. 
In the current phase of the study, a road 
machine that casts the epoxy, deposits the 
beads, and then moves on to the next marker 
location was developed. Installations of this 
type have been placed in Texas, California, 
New Jersey, North Carolina, and Florida. 
The study is to be completed shortly and 
the final report is under review. 

In 


less 


another novel experiment to obtain 
improved night-wet visibility now being 
conducted by Utah State Department of 
Highways (31), small longitudinal grooves are 
cut into concrete pavement to an overall width 
of 4 inches. At intervals, transverse grooves 
are cut across the longitudinal grooves to 
provide positive rain water drainage away 
from the longitudinal grooves to the low side 
of the crowned pavement surface. The longi- 
tudinal grooves generally are a quarter-inch 
deep. The grooving is then striped with 
conventional reflectorized traffic paint. Theo- 
retically, the grooved striping will be more 
durable than conventional striping, as it is 
recessed and not subjected to traffic and snow- 
plow abrasion. More importantly, the stripe 
should be more visible in rainy weather than 
conventional striping because rain water is 
drained away from the reflectorized grooved 
surfaces. The study is still in progress and no 
data are yet available on the relative econom- 
ics of such striping, although recent indications 
are that the life of the grooved striping is 
better than that of conventional striping. One 
important development so far is that the 
grooved striping is more visible than standard 
striping during a rainstorm—either at night 
or during the day. The study will include 
several different grooving designs to determine 
the one that gives optimum performance. In 
addition, the State highway department has 
suggested that grooves be formed in a newly 
placed pavement—either fresh concrete or hot 
bituminous pavement—and has offered appro- 
priate plans. There is considerable interest in 
this experiment from the standpoint of a 
snowplow-resistant marking that can provide 
night-wet visibility. As a result, at least two 
other States, New York and California, plan 
to investigate this approach. 


Temporary Lane Markings 


Temporary lane markings for construction 
detours are of interest to many State highway 
departments. In 1961, a machine used by the 
Missouri State Highway Commission to erase 
temporary stripes was described in the litera- 
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ture (32). Containing a 9-horsepower engine 
equipped with 92 steel cutters, the machine 
cost $758. It could operate at speeds as high 
as 10 feet per minute. The cost of each steel 
cutter was 20 cents and each could last as 
long as four working hours. 


More recently, in 1965, the Michigan De- 
partment of State Highways reported an 
evaluation of temporary removable lane 
marking tape (33). It was claimed that grind- 
ing equipment to remove temporary paint was 
not fully effective and that paint residues 
remained to confuse the driver. The evaluated 
tape is 20 mils thick and is available in 4- to 
6-inch-wide rolls. The core is soft aluminum 
and the top is a white or yellow beaded vinyl 
material. The backing contains a pressure- 
sensitive asphaltic adhesive and is used in 
conjunction with a pavement primer to pro- 
mote good adhesion. It is recommended for 
use as a temporary marking instead of con- 
ventional paint, which is both difficult and 
costly to remove. The Massachusetts Depart- 
ment of Public Works, as a result of its own 
study completed in 1968, also recommended 
use of removable tape for temporary lane 
markings. The tape was compared with a 
water-based temporary paint and determined 
to be much more preferable. 
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-|Part 6— 
‘Control Charts 


| Reported by EDWIN C. GRANLEY, 
‘} | Highway Research Engineer, 
‘Materials Division 


Introduction 


¥ 

MIXEST MEASUREMENTS portrayed 
\ graphically demonstrate the familiar 
‘adage, a picture is worth a thousand words. One 
type of graphical portrayal, the control chart, 
Is used extensively by industry in quality- 
assurance procedures. Many of the industrial 
¢ontrol-chart principles are just as applicable 
‘to process control and acceptance inspection 
in highway construction as they are to indus- 
trial techniques. 


- Control charts show cumulative trends in 
dimensional or physical properties within 
Maximum and minimum limits that denote 
‘acceptable production. They not only indicate 
f ‘when established limits have been exceeded, 
jw} but also provide the means to anticipate and 
Correct causes that tend to promote the 
production of defective products. Thus, the 
use of control charts is an application of the 
} Principle that an ounce of prevention is worth 
pound of cure. 
In industrial statistical quality control 
|} methods, certain variations in product quality 
| ee classed as chance variations. Such varia- 
ions obey the laws of probability as inevitably 
}) as the flipping of a coin. Little can be done to 
change these variations except to revise the 
Control process. 
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This is the final part of an interpretative summary of the progress in Public 
Roads research program for the statistical approach to quality assurance in 
highway construction. Part 1.—Introduction and Concepts, Part 2.—Quality 
Assurance of Embankments and Base Courses, Part 3.—Quality Assurance of 
Portland Cement Concrete, Part 4.—Variations of Bituminous Construction, 
and Part 5.—Summary of Research for Quality Assurance of Aggregate were 
presented in previous issues of PUBLIC ROADS. 


In addition to these chance variations 
other variations in quality, systematic varia- 
tions, can be attributed to assignable causes, 
such as differences among equipment, workers, 
materials, time, etc., and the interrelations of 
each to the others. Knowledge of the behavior 
of chance variations is the basis of control- 
chart analysis. If data vary in a pattern that 
conforms to the applicable statistical distri- 
bution, an assumption is made that no assign- 
able causes exist. These data are said to be 
in control. If the data do not follow the statis- 
tical distribution, it is considered that assign- 
able causes are at work and that the process 
is out of control. When the process is in control, 
the distribution of variations for large num- 
bers of items are predictable. 


According to Duncan (1), ! “. . . a control 
chart is a device for describing in concrete 
terms what a state of statistical control is; 
second, a device for attaining control; and, 
third, a device for judging whether control 
has been attained.” 


The construction and use of a control chart 
can be explained simply. Samples of a given 
size are taken randomly from a process at 


1 Italic numbers in parentheses identify the references 
listed on page 260. 


more or less regular intervals and tested. If 
no assignable causes exist, these test values 
will be distributed in a definite pattern. If 
the distribution is normal, the pattern will 
assume the shape shown by the normal curve 
in figure 1. These data from the tests on the 
samples can be used to construct the control 
chart shown in figure 2. Actually, the normal 
curve has been tipped on its side and the 
values plotted in the horizontal plane on a 
time or unit of production basis. If a significant 
number of average (X) values are plotted and 
all of them fall within the control limits and are 
randomly distributed about the average, that 
is, show no trends, then it can be said that 
the process is in a state of statistical control. 
If the data do not conform to this pattern, 
but show cycles or runs above or below 
average or outside the limit lines, the process 
should be investigated and the assignable 
causes ascertained. If all points fall within 
the control limits and are randomly distrib- 
uted, assignable causes are not necessarily 
absent. However, the conclusion that chance 
causes alone are at work is acceptable, and 
a search for assignable causes would be 
unprofitable. 


Types of Control Charts 


Control charts now in use fall into two 
categories: Charts of attributes and charts 
of variables. Usually, control charts of at- 
tributes are associated with the go or no go 
discipline. They show one of two types of 
information: (1) The fraction defective or 
percent of items conforming or nonconforming 
to specifications, or (2) the number of de- 
fective items. Although the attributes may 
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often be measurements, mostly they are 
visually inspected properties like finish, 
scratches, missing parts, cracks, or functional 
ability. On the other hand, control charts 
of variables are used for values such as P.8.i. 
density, thickness, length or other such units 
reported from testing. 

Whether to use plans for attributes or 
variables to control a process in highway con- 
struction cannot be answered here. The use of 
either will be dictated by the process or 
product to be controlled, and each will provide 
an effective tool to guide the State and the 
contractor. The only requisites are that the 
process be continuous, that the chart be visibly 
displayed, and that the charts be available to 
everyone concerned and correctly interpreted. 
Only control charts for variables will be consid- 
ered in the remainder of this article. 

Control charts can be constructed from test 
data in the form of individual measurements, 
averages, standard deviations, and ranges, 
either singly or in combinations. Again, the 
form to use will be dictated by the process to 
be controlled and the economics of the project. 

Variables charts fall into two categories: (1) 
standards given and (2) standards unknown. 
The usual way to develop a control chart for 
the standards-given category is to analyze 
past data and use the information obtained to 
set up the charts for present and future pro- 
duction. Analysis of the past data will provide 
values of the average, X,’ the range R,’ and 
the standard deviation o, of the population for 
calculating the midpoint and limit-line posi- 
tions on the chart. Usually, the charts are 
used in pairs—X and R or X andc. 


Computation of Limit Lines 


To determine the respective limit lines for a 
normal population, when standards are 
known, the following formulas (2) are used: 


X Chart: 46 
Center line= ¢= X’ 
Upper control limit= UCL 


= Xi AG: 
Lower control limit= LCL 
= X’—Ag, 
R Chart: 
C=dyo, 
UCL=Dhy0, 
LCOL=Dic, 
o Chart: 
C= Cro, 
UCL= Bie, 
LCL= Bye, 


Where the constants A, B,, B,, D;, De, Cy, and 
dy for different sample sizes are given in 
tables of control chart constants like table 1. 

Sometimes control charts must be con- 
structed when historical data are not available 
for analysis and, consequently, the parameters 
(standards) are unknown. If the standards 
are unknown, data from 20 to 25 samples, 
consisting of four to five measurements each, 
are needed to compute the limits for the 
charts. Averages, ranges, or standard devia- 
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tions of measurements on each sample are 
averaged to give X, Ror ao, respectively. Again, 
the charts are used in pairs—X and R or X 
and o. The following formulas can be used to 
compute the center lines and the control 
limits for the charts: 


If X and R charts are used: 


Xe Chartcae 
¢=X 
UCL=X+AR 
LCL=X—A,R 
R Chart: _ 
Chas 
UCL=D,R 
LCL=D;R 


If X and o charts are used: 


X\Charts= =” 
¢=X 
UCL=X+Aiz 
LCL=X—A\¢ 
o Charts: 
¢=¢ 


The values of constants A;, Az, Bs, By, D3, 
and D, are listed in table 2. 


Limits established by use of the factors from 
tables 1 and 2 are based on statistical prob- 
ability and will satisfy the statistician but not 
necessarily the engineer. Usually the engineer 
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Figure 1.—Distribution of chance variations 
in a test sample measure of quality. 
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Figure 2.—Theoretical basis for a control 
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wants the product to meet specification re. 
quirements that are based on engineering 
considerations, and he may not care whether 
the process is in statistical control. Man; 
engineers prefer that the specification be used 
to develop the control chart. This can be done! }” 
for example, on a two-way specification b ig 
using the target as the centerline and the 
tolerances as the upper and lower limits. Ti fb 
the test results show nonconformance, either s 
the process needs to be changed, sampling anc |’ 
testing techniques 
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altered, processing im) ’™ 
proved, or the specifications changed to meej " 
existing conditions. The engineer is thus facecq ©» 
with two alternatives: either change th)’ 
specifications or insist that the reauleaall ms 
be met. 


How the Chart Works 


The average, X, chart shows shift of proces! 
average. The range, R, or standard deviation 
a, charts show process dispersion or spread ) 
Usually, the range, R, chart rather than thi 
standard deviation, o, chart is used to measur 
subgroup dispersion. Although both presen’ 
similar trends, the range values for the J) | 
chart are much easier to compute and explain 
Charts of individual test values can be used t 
depict both the shift of average and the dis) _ 
persion, though not as efficiently as th ~ 
combination of average and range charts. 

Following are a few of the many warnins 
signals that have been developed to indicat 
out-of-control processes (3) : 
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Individual charts 


® 1 test value greater than 2.33 standar¢ 
deviation from centerline. | 

© 3 consecutive test values greater than on 
standard deviation above or below the center |" 
line. 1H 0 

¢ 11 consecutive test values on same side 0 
centerline job mix target. 





Average and range charts 


e 1 average or range value outside conto He 0 
limit lines on R and X chart. 

¢ 2 consecutive averages outside 2 ¢ limit © 
above or below the centerline. a 

e 7 consecutive values on either side o 
centerline for X charts or above centerline fo 
R charts. 


These signals are based on statistical prob 
abilities; however, a 3- or 4-point consecutiv’ ) |) 
trend toward either limit or above or below th | | 
centerline should be considered a warning 
Diagnosis of the reason for the process bein; 
out of statistical control is an engineerin; 
consideration. The chart can only point ou 
that something is wrong. 


Examples of Use 


At present, several States are experimen}, i 
tally using variables control charts on severa ) . 
items of construction. | 

In 1967, the South Carolina State Highwa; 
Department (4) used specification-based con 
trol charts to control and accept productio 
of bituminous hot mix on an Interstate job J», 
A chart on which extraction test results werj } 
plotted as individual measurements, average! ety 
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£5 per lot, and range of 5 per lot, was used. 
-harts were also prepared for bitumen content 
ad each of the following sieves: % in., 4 in., 
| in., No. 4, No. 8, No. 30, No. 100, and No. 
)0 for each 2,000-ton lot. A facsimile of a con- 
“ol chart used on the South Carolina project 
wr controlling percent passing the No. 30 
eve is shown in figure 3. Similar charts were 
sed both for the remaining sieves and for 
itumen content. Control limit lines for 
idividual measurements, averages, and ranges 
ere superimposed on each chart. Limits for 
verage and range were computed from stand- 
sds known, using appropriate values from 
ible 1 multiplied by a factor of (2.33/3.00) times 
ye standard deviation to reduce them to 98 
ercent probability intervals. Limits on the 
aart for the No. 30 sieve were developed 
om a standard deviation of 2.5 percent, 
hich had been determined in previous 
ef search. The limits were computed as follows: 


ndividual measurements at 98-percent level 


Job mix tolerance= (2.33) X (2.5) =5.8 


ow 


UCL=838.0+5.8 or 43.8 percent 
LCL=88.0—5.8 or 32.3 percent 








_ | verages of 5 per lot 
‘4 ; 2.33 
: Job mix tolerance= 300 
= (0.78) X (1.34) 
(29) = 20 


)x (A) (2.5) 














-  UCL=38.0-+2.6 or 40.6 percent 


‘ LCL=38.0—2.6 or 35.4 percent 


ontrol limits for ranges were not estab- 
shed on this particular project. However, 
1 central value and upper limit for 5 per 
% would be’computed as follows for the 99 


ercent level: 
» 


lange of 5 per lot 





J H Central value= (d2) X (standard 
7 ’ deviation) < (reduction 
é factor) 
ih 2.33 
» | se 626)x (2.5) 6 (55) 
int i 3.00 
; =4.5 percent 


». ae 


Upper control 
limit (UCL) = (D2) X (standard 
deviation) X (reduction 
factor) 


1 










i 2.33 
= (4.918) X (2.5) 355 


=9.5 percent 


Statistically, the control chart for averages 
ig. 3) was out of control as seven consecutive 
oints were above the job mix target. How- 
yer, on this job nothing was done; the situa- 
on probably was one of engineering 
idgment. 
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Several other States have or are proposing 
apse control charts. The Vermont Depart- 
t of Highways, for example, plots all field 


st data on charts. The California Division of 
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Table 1.—Factors for computing control chart lines—standards given 


Chart for 
averages 


Chart for standard 


r st Chart for range: 
deviations sis 





Number of observations in 
sample, n 


Factors for 
control limits 


Factors for 
central line 





Factors for 
control limits 


Factors for 
control limits 


Factors for 
central line 
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0. 000 
0. 000 
0. 000 
0. 000 
0. 026 
0.105 
0. 167 
0, 219 
0. 262 
0, 299 
0. 331 
0. 359 
0. 384 
0. 406 
0. 427 
0, 445 
0. 461 
0. 477 
0. 491 
0. 504 
0. 516 
0. 527 
0. 538 
0. 548 
(!) 
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Table 2.—Factors for computing control chart lines—standards unknown 


Chart for 
averages 


Chart for standard 
deviations 


Chart for ranges 





Number of observations in 
sample, n Factors for 


control limits 


Factor for 
central line 


Factors for 
control limits 


Factor for 
central line 


Factors for 
control limits 








A, 


C2 B; By dz 4 Ds; 

















Highways is proposing to use a moving aver- 
age of five as the basis for corrective action. 
Trends are more apparent with the moving 
average chart than with the average chart. 
Decisions on conformance of the sublot are 
based on individual-tolerance requirements for 
the test and on reduced-tolerance requirements 
for averages of the preceding four sublots plus 
the one under consideration. On the other 
hand, the Virginia Department of Highways 
proposes to plot only individual results and 
rely on individual probability trends for 
judgment of conformance. Initially, this ap- 
proach is being applied experimentally to 
asphalt mixes. Kansas also plots individual 


0. 5642 
0. 7236 
0. 7979 
0. 8407 
0. 8686 
0. 8882 
0. 
0. 9139 
0. 9227 
0, 9300 
0, 9359 
0. 9410 
0. 9453 
0. 9490 
0. 9523 
0. 9551 
0. 9576 
0. 9599 
0. 9619 
0. 9638 
0. 9655 
0. 9670 
0. 9684 
0. 9696 





wo 
wmemmnonwald 
OO S100 DO 
Anwmnownwn-I 


9027 


ax 
oO 
or 


> 
> 
a 


PASH 
Ano 
PON 





SSS SSeS SSS 
Pere Pe ee ee eee YH Be Hee HNN hbs 


20 90 99 99 09 99 99 09 G9 G2 OO GOGO DOD OOO NN Et 
2S° 














bituminous extraction data and is starting to 
plot averages of the same data. 

For the past 5 years, the Mississippi State 
Highway Department, the forerunner in the 
use of control charts, has been using a progres- 
sive-step chart to accept and control density 
of stabilized bases. The 1967 specification 
extends this use to other bid items. This 
seemingly complicated plan allows acceptance 
to be based on as few as two tests per lot, but a 
minimum of six tests are usually required for 
rejection. The plan has a built-in safeguard for 
excluding wild test results. In addition, the 
test results of the lot are averaged with all 
test results from the previous five lots, and 
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this average must not deviate by more than a 
specified amount from the target value. 


Summary 


The use of control charts to regulate and 
accept highway construction is still in a 
fledgling stage. Up to now the industry has 
existed and expanded with the single test, 
retest, and engineering-judgment concept. The 
use of control charts will not alter the fact 
that the engineer has the final decision in 
accepting construction. The charts, however, 
are effective tools to visually forewarn that 
undesirable trends may be developing and to 
help both the engineer and the contractor 
decide when to take action and when not to 
take action. 

The adoption of control-chart use by the 
highway industry would provide a significant 
technological advance in ascertaining ade- 
quacy of construction. Almost anyone can 
spot large changes, but successive small 
changes that develop as trends are not easily 
detected, even by experienced people.- The 
picture portrayed by the control charts would 
highlight the trends and motivate the use of 
such charts as a decision tool. 
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INDIVIDUAL MEASUREMENTS 


AVERAGE OF 5 MEASUREMENTS 


RANGE FOR 5 MEASUREMENTS 
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Figure 3.—Control chart used by South Carolina. 
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The article Fatal Accidents on Completed 
Sections of the Interstate System, 1968, in the 
October 1969 issue of PUBLIC ROADS pre- 
sented a general summary of the character- 
istics and circumstances of fatal Interstate- 
Highway crashes. Differences in the types of 
accidents and in the vehicles involved produce 
rather widely divergent patterns, and in this 
supplementary report one accident type, rear- 
end collisions involving tractor-trailer com- 
pinations, is examined in more detail. 

In the general summary it was noted that 
fractor-trailer combinations were involved in 
‘rear-end collisions relatively more frequently 
than other types of vehicles, particularly 
passenger cars. Almost a third (31.6 percent) 
the tractor-trailer combinations primarily 
‘responsible for fatal accidents were involved 
in rear-end collisions, compared with only 12.6 
percent of the passenger vehicles. This com- 
parison is based on the assignment of primary 
esponsibility for the collision to one of the 
wo or more vehicles involved, as determined 
by analysis of police investigators’ reports. It 
does not necessarily imply any legal respon- 
ibility for the accidents. Vehicles considered 
© be primarily responsible for rear-end 
tollisions are usually, but not always, the 
triking vehicles. 

In the general summary, vehicles involved 
n the rear-end collisions, but not primarily 
esponsible for them, were not discussed. A 
supplementary analysis of the detailed acci- 
lent reports provides two additional types of 
nformation on these collisions: (1) the char- 
icteristics of the collisions for which drivers of 
tractor-trailers were primarily responsible, and 
(2) data on the rear-end collisions involving 
tractor-trailers for which the drivers of other 
ypes of vehicles were primarily responsible. 
As indicated in the accompanying table, 
ractor-trailer drivers were primarily respon- 
sible for 80 or approximately one-fifth of the 
otal rear-end collisions. Fewer than half of 
hese involved passenger vehicles, and almost 
third involved two or more tractor-trailers. 
This seems somewhat unexpected as tractor- 
‘ailers constitute only about 10 percent of the 
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total traffic volume on the Interstate System. 
However, tractor-trailers tend to travel more 
frequently at night, and to the extent that 
this occurs, the proportions of these vehicles 
in the total traffic stream at night would be 
increased above the general average. Of all 
the fatal rear-end collisions on the Interstate 
System in 1968, 61 percent occurred in hours 
of darkness as compared with 53 percent for 
all types of fatal accidents on this system. 
Also, indications are that tractor-trailer 
drivers sometimes tend to travel in queues. 


Of the 88 fatalities, 31 were occupants of 
the tractor-trailers responsible for the ac- 
cidents, and another four were occupants of 
the combination vehicles struck. Property 
damage to vehicles, cargo, and roadside 
appurtenances averaged $10,916 per accident. 
This figure is affected somewhat by the fact 
that, in a few collisions, more than two 
vehicles were involved. 


Investigating officers reported that seven 
of the 80 tractor-trailer drivers were fatigued 
or dozing and that two had been drinking— 
one of whom was obviously intoxicated. In 
seven of the 26 accidents involving two or more 
tractor-trailers, tailgating, or following the 
vehicle ahead too closely, was reported as a 
significant contributing factor. 


~ Fatal Accidents Involving Tractor-Trailer Combinations in Rear-End 
Collisions on Completed Sections of the Interstate System, 1968 


Harold R. Hosea, Office of Traffic Operations, Bureau of Public Roads 


Accidents in which another type of vehicle 
was responsible for rear-end collisions in- 
volving tractor-trailer combinations out- 
numbered by a substantial margin—113 as 
compared with 80—those for which tractor- 
trailer drivers were responsible. In four-fifths 
of the accidents in the former category, the 
drivers of passenger vehicles were primarily 
responsible for the collisions. Only three of the 
139 fatalities were occupants of the tractor- 
trailers that were struck. Property damage 
averaged $4,106 per accident. 

More than a fourth of the 113 drivers of 
vehicles that struck tractor-trailers were 
reported to be asleep or fatigued. Another 31 
were described as having been drinking— 
eight of them obviously intoxicated. Speeding 
was reported in 52 of these accidents; half 
of them involved speeds in excess of legal 
limits—a few as much as 100 m.p.h. 

Of course the investigating officers’ reports 
of driver conditions and violations differ 
widely with respect to quality of reporting 
and completeness. Nevertheless, it seems 
significant that driver condition was reported 
to be a contributing factor in half the accidents 
in which drivers of passenger vehicles collided 
with tractor-trailers, compared with one-fifth 
of the collisions for which tractor-trailer 
drivers were primarily responsible. 


Fatal accidents involving tractor-trailer combinations in rear-end collisions on completed 
sections of the Interstate System, 1968 


Total 


Type of collision t : 
accidents 





Number 
Tractor-trailer—passenger vehicle_-...---------- 35 
Tractor-trailer—tractor-trailer _ --..------------- 26 
Tractor-trailer—single-unit truck - .-.----------- 14 
Tractor-trailer—pickup or panel : 5 
Total collisions, tractor-trailer responsible - 80 
Passenger vehicle—tractor-trailer 93 
Single-unit truck—tractor-trailer 5 
Pickup or panel—tractor-trailer 16 
Total collisions, other vehicle responsible - - 113 








Fatalities Property damage 





Total Total | Per accident 


Vehicle 12 | Vehicle 2 | 





Number 
52 $226, 600 

26 522, 200 

5 116, 000 

Vi 9, 300 

88 873, 300 
114 337, 500 

5 11, 600 

20 73, 800 
139 422,909 


Number 


Number 
4, 


$6, 474 
20, 077 
8, 286 
1, 860 
10, 916 














1 The vehicle listed first is the one primarily responsible for the accidents. ; , ‘ 
2 Vehicle primarily responsible for the accidents—that is, the striking vehicle with a very few exceptions. 
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Highway Research and Development Reports Available From 
Clearinghouse for Federal Scientific and Technical Information 


The following highway research and develop- 
ment reports are available from the Clearinghouse 
for Federal Scientific and Technical Informa- 
Sills Building, 5285 Port Royal Road, 
Springfield, Va. 22151. Paper copies are priced 
at $3 each and microfiche copies at 60 cents each. 
To order, send the stock number of each report 
desired and a check or money order to the 
Clearinghouse. Prepayment is required. 

Highway research and development reports 
available from the Clearinghouse are also listed 
by subject in Public Roads annual publication 
Highway Research and Development Studies 
(see inside back cover) according to the goals 
and projects of the national program of highway 
research and development. 
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Equipment and Techniques for Roadside 
Spraying. 

Spiral Coordinates—(BPR Program HA-1). 

Behavior of Welded Build-up Beams Under 
Repeated Flexural Loads. 

Economic Impact Study of Interstate High- 
way 10 ona Rural Area East of Houston, 
Texas. 

Measurement of Non- User Benefits. 

Peripheral Land Study: Economics, Esthet- 
ics, and Highways. 

Clay, Aggregate, and Concrete. 

Effects of Chemical Admixtures in Concrete 
and Mortar. 

Evaluation of the Gyratory Compactor for 
Use in Designing Asphaltic Concrete Mix- 
tures. 

Lateral Distribution of Dynamic Loads in a 
Prestressed Concrete Box-Beam Bridge— 
Drehersville Bridge. 

Investigation of Rock Slope Protection 
Material. 

Creep Recovery and Creep of Preshrunk 
Concrete. 

Analysis of Simply Supported Box Girder 
Bridges. 

Epoxy Bonded Aggregates as a Shear Con- 
necting Medium in Composite Beam 
Construction. 

Factors Influencing Patrons to Stop at 
Selected Types of Motels. 

Final Report of the Highway Location and 
Design Research Project. 

Flow Behavior of Asphalt 
KY HP R-64-20. 

Impact of Highway Beautification Act on 
Outdoor Advertising Firms in Washington 
State. 

Severance Damage Study Cases 1-65. 

The Value of Time for Passenger Cars: A 
Theoretical Analysis and Description of 
Preliminary Experiments—Vol. I. 

The Value of Time for Passenger Cars: An 
Experimental Study of Commuters’ 
Values. Final Report—Vol. IT. 

Subgrade Moisture Variations Interim Re- 
port I—Preliminary Planning. 

Subgrade Moisture Variations Interim Re- 
port 1I—Access Tube Installation. 

Shear Strength and Elastic Properties of 
Lime-Soil Mixtures. 

Development and Demonstration of Im- 
proved Engineering Productivity for the 
Design Phase of Preconstruction Engineer- 
ing. 

The Presentation of the Slope-Deflection 
Fourier Series Method for the Analysis of 
Curved Orthotropic Highway Bridges. 
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Investigation of Shear Behavior of Pre- 
stressed Concrete Bridge Girders. 

The Analysis of Curved Orthotropic High- 
way Bridges. 

Analysis of Bridge Deck Slabs. 

A Finite-Element Method of Solution for 
Structural Frames. 

A Finite-Element Method for Bending Anal- 
ysis of Layered Structural Systems. 

An Interim Report on a Study of Disability 
Veiling Brightness. 

A Comparative Study of Elastomeric Mate- 
rials for Bridge Bearing Pads. 

Cost of Mowing Roadsides in Indiana. 

Maintenance Research Organization and Op- 
erations Report I. 

A Study of Mulching Procedures as Per- 
formed by Maine State Highway Commis- 
sion Maintenance Division. 

Study of Terminal Transfer Facilities in Con- 
junction with Urban Freeways. 

Highway Beautification Study—Maine and 
New Hampshtre. 

Final Report—A Study of Cohesion, Fric- 
tional Resistance, and Interlocking of Par- 
ticles as Basic Strength Components of 
Asphaltic Concrete. 

A Framework for the Prediction of Highway 
Vehicle Operating Consequences. 

Determination of Embankment Density by 
the Seismic Method. 

Development of a Rapid Field Test for 
Evaluating the Expansive Potential of 
Clay Soils During Construction. 

Bibliography Survey of Library Facilities 
Project: 

67-10—Bridge Decks. 

67-11—Traffie Accidents. 
67-9—Measuring of Skid Resistance. 
188—Bases for Flexible Pavements. 

Part I—Hardening of Asphalt in Hot Bitu- 
minous Base, Binder, and Sand Mixtures. 

Part II—Early Hardening of Asphalt in Hot 
Bituminous Paving Mixtures. 

Performing Highway Maintenance Opera- 
tions in Virginia, Part IV. 

Selected Effects of the Highway Beautifica- 
tion Act of 1965. 

Reporting of Disabled Vehicles by Coopera- 
tive Motorists. 

Determination of Physical Criteria for Road- 
side Energy Conversion Systems. 

Design and Development of Ultrasonic Scour 
Meter. 

Operation and Maintenance Manual for the 
Ultrasonic Scour Meter—Model 1055, 
Appendix B. 

Intersection Simulation Model Validation: 

Part I 
Part II 

Asphalt Concrete Compaction Studies Using 
Nuclear Devices. 

An Investigation of Aggregate—Asphalt 
Adhesion by Measurement of Heats of 
Immersion. 

A Study of Creep in Lightweight and Con- 
ventional Concretes. 

A Report on Alcohol, Drugs, and Organic 
Factors in Fatal Single Vehicle Traffic 
Accidents. 

Stresses and Displacements in Nonlinear 
Soil Media. 

A Study of the Economic Impact of Inter- 
state Highway 10 on Chambers County, 
Texas. 

Development of Instrument for Nonde- 
structive Measurement for Concrete Pave- 
ment Thickness. 

Analytical and Experimental Study of a 
Through Truss Bridge. 
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Subgrade Moisture Variations—Interim R 


port III, A Preliminary Standardizatio! ) 


and Calibration Procedure for Nueles 
Depth Moisture/Density Gages. 
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the Durability of Laboratory Coneret 
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Alkali Reactivity of Carbonate Rocks i 
Missouri. 

Clay Mineralogy and Chemistry of Selecte 


Washington County, Arkansas, Soils an! > 


Effects on Their Engineering Properties- 
Technical Report No. 4. 
Stripping in MHot-Mixed, 
Mixtures. 

The Effect of Fine Aggregate Gradation 0 
Cement Aggregate Reaction. 

Prediction of Creep in Structural Concret) 


Connecticut Aggregate Availability Study- 
Summary Report: Highway District rc 


Sand-Aspha. 





Physical Testing of Mechanically Splice 
Reinforcing Bar Using a Sleeve with Met; 


Filler Process. | : 


The Statistical Approach to Quality Contr 
in Highway Construction. 

Some Recent Findings in Flexible Pavemer| 
Research. 

An Evaluation of Terminal Anchorage I 
stallations on Rigid Pavements. 

Statistical Analysis of Heavy Truck rat 
for the State of Maryland. 

Performance of Composite Lightweigl 
Concrete Decks on Steel Stringers. 

A Study of Airspace Utilization. | 


Influence of Beam Size on the Shearir 
Fracture of Mortar and Concrete Beams. 
Insulation of Bridge Decks for Ice Prevent 

and Reduction of Freeze-Thaw Cycles. 

Predetermining Pile Lengths and Capacitie 
Vols. I, II, and III. 

A Comparison of 14%-Inch and 34-Inch Ma 
mum Size Aggregate in Concrete. 

An Interim Report on Roadside Sign Vis 
bility. 

Flexural Fatigue Durability of Selec 
Unreinforced Structural Lightweigl 
Concretes. 

Stress Distribution Within and Under Lo: 
Elastic Embankments. £ 

Static Behavior of Continuous Compost 
Beams. 

Epoxy Bonded Composite T-Beams f 
Highway Bridges. 

Static Behavior of Composite Beams wi 
Variable Load Position. 

Some Orthosilicates and Their Hydrates. 

Frost Susceptibility of New Hampshire Ba 
Courses. 

Detection and Determination of Grounc 
Cured Serap Rubber in Hot-Poured Jo 
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Dynamic Tests of Box Beam Median Barrie 
Series XIV. 

Flexible Culverts Under High Fills Equilil 
rium Considerations. 

Stabilization of Chinle Clay by Electr 
osmotic, Treatment—Phase Two. 

Model Studies of Energy Dissipators f 
Large Culverts. 

Pavement Evaluation IT. 

Gap Acceptance and Traffic Interaction 1 
the Freeway Merging Process. i 
A Nationwide Study of Freeway Mergit 

Operations. 

Gap Acceptance in the Freeway Me 
Process. 4 

Operational Effects of Some Entrance ned 
Geometrics on Freeway Merging. 4 ; 
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The Determination of Merging Capacity and 
Its Application to Freeway Design and 
Control. 

Traffic Interaction in the Freeway Merging 
Process. 

Digital Simulation of Freeway Merging 
Operation. 

Annotated Bibliography on Gap Acceptance 
and Its Applications. 

Interstate Overpass Frost Heave Study. 


An Optimum Multisensor Approach for 
Detailed Engineering Soils Mapping, Vols. 
IT and II. 

Performance of Embankments Constructed 
Over Peat Deposits. 

Fatigue Tests of Welded Hybrid Plate 
Girders Under Constant Moment. 

Determination of Air Content in Hardened 
Concrete by Gamma-Ray Transmission. 

Ohio Department of Highways Maintenance 
Cost Study. 

Dynamie Tests of Concrete Median Barrier, 
Series XVI. 

In Situ Permeabilities for Determining Rates 
of Consolidation. 

Promoting Establishment of Vegetation for 
Erosion Control. 

A Laboratory Study of Dynamic Load- 
Deformation and Damping Properties of 
Sands Concerned with a Pile-Soil System. 

Dynamic Full Seale Impact Tests of Steel 
Bridge Barrier Rails, Series XI. 

Investigation of Fiberglass Prestressed Con- 
crete. 

Maintenance Quality Standards in Virginia. 


Performance of Transverse Joint Supports in 
Concrete Pavements. 

Favorable and Unfavorable Effects of Non- 
tensioned Steel in Prestressed Concrete 
Beams. 

Fatigue Behavior of Continuous Composite 
Beams. 

Quality Assurance Through Process Control 
and Acceptance Sampling. 


Traffic Systems Reviews and Abstracts, 
September 1967 Reviews: T-0001—T—0030. 


Traffic Systems Reviews and Abstracts, 
October 1967 Reviews: T-0031—T-0060. 


An Economic Impact Study of the Effects of 
Interstate 55 on the Highway Related 
Businesses in Five Northern Mississippi 
Towns. 

Marshall-Immersion Test Study. 


A Finite-Element Analysis of Structural 
Frames. 

A Finite-Element Method for Transverse 
Vibrations of Beams and Plates. 


Shear Strength of Bent Caps Between 
Columns, 

Economic Impact Study of Interstate High- 
way 45 on Huntsville, Texas. 

Determination of the Surface Charges of 


Certain Highway Aggregates by Streaming 
Potential Methods. 


. A514 Steel Joints Fastened by A490 Bolts. 


Behavior of Bolted Joints with Oversize or 
Slotted Holes. 

1965-1967 World Survey of Current Research 
and Development on Roads and Road 
Transport. 

Asphalt Mixture Behavior 
Flexure. 

Studying Transportation Systems from the 
Consumer Viewpoint—Some Recommen- 
dations. 

Consumer Conceived Attributes of Trans- 
portation. 
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A Research Study of Organization, Pro- 
cedures and Intergovernmental Relation- 
ships for Nebraska’s Highways, Roads and 
Streets (Nebraska Management Research 
Study). 

Appendix to a Research of Organization, 
Procedures and Intergovernmental Rela- 
tionships for Nebraska’s Highways, Roads 
and Streets. 
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Vol. Il, Appendices B, D, E, F, G, H, J, 
K, L, M. 
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of Jointed Rock. 

Embankment Construction Without Mois- 
ture-Density Control. 
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(15) Impact of Route 495 Seminar, Dean 
Junior College, Franklin, Mass., 1965, pp. 
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(16) Economic Impact Study of Massa- 
chusetts Route 128, Massachusetts Institute 
of Technology, Cambridge, 1958, pp. i-iii. 


Traffic Marking Materials—Summary of Research and Development 


(Continued from 
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